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ABSTRACT 
This study focuses on comparing methods for capturing and measuring the charge transport 
properties of single molecules in gold-graphene contact gaps. We have attempted to measure the 
single molecule conductance of a series of 1,n-alkanedithiols (n=4, 6, 8) tethered between a gold 
and a graphene contact with three different methods. The CP-AFM break junction (CP-AFM BJ), 
STM break junction (STM BJ) and STM based I(s) techniques for forming molecular junctions 
with graphene lower contacts were compared. In each case the upper contact was gold, with a gold 
coated AFM probe in the CP-AFM BJ method and a gold STM tip for both the STM BJ and I(s) 
techniques.  Both the CP-AFM BJ and the STM based I(s) method yielded similar values for the 
conductance decay constant values, with βN = 0.56 and 0.40, respectively. In line with previous 
observations, this is much smaller than values recorded for the same alkanedithiol series in 
symmetric gold-molecule-gold junctions where we find that βN = 1.1. This clearly shows the 
impact of substituting one of the gold contacts for a graphene one. This observation has been 
previously rationalized as resulting from the breaking of junction symmetry, the change in 
electrode-molecule coupling and energy level alignment. On the other hand, stable molecular 
junctions could not be formed using the STM BJ technique with graphene contacts which may be 
due to transient instability in the gold tip contact after it has been pushed hard onto the graphene 
surface.  
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1.Introduction 
Investigating the nature of charge transport through molecules tethered between pairs of 
electrode contacts is one of the most active areas of contemporary molecular electrodes.1 A range 
of factors can influence the electrical characteristics of such molecular junctions, including the 
intrinsic properties of molecules and electrode materials, the external environment, the molecule-
electrode binding or molecular orbitals alignment in relation to the Fermi levels of the electrodes.2 
To date, the most widely used techniques for probing the electrical properties of molecular 
junctions include mechanically controlled break junctions (MCBJ),3 scanning tunneling 
microscopy based break junctions (STM-BJ), the I(s) technique,4-5 and conducting probe atomic 
force microscopy (CP-AFM).6-7 Originally introduced by Xu and Tao in 2003,4 the STM break 
junctions (BJ) method creates in-situ a metallic gold-to-gold junction between the gold STM tip 
and the gold substrate in the presence of a solution of the target molecule or an adsorbed layer on 
the gold substrate. Upon withdrawal of the STM tip the metallic junction is cleaved leaving a gap 
into which the molecular target can adsorb and form a gold-molecule-gold junction. During the 
process of tip withdrawal, a conductance step near the so-called quantum conductance (Go) is 
observed as the metallic contact is cleaved. This is followed on further tip retraction by a smaller 
conductance step as the molecular junction is subsequently broken. The tip is repeatedly cycled 
into and out of contact with the gold substrate and conductance histograms are recorded from many 
junction formation and breaking cycles to reveal peaks corresponding to the junction conductance. 
Similar to the STM-BJ method, the I(s) technique5 also employs an STM tip to form the 
molecular junctions which are also extended until they cleave. A similar procedure of repeatedly 
forming and breaking junctions is also followed and molecular conductance is also determined by 
statistical analysis and histogram construction from a large number of such traces. The key 
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difference between the STM-BJ and I(s) methods, lies in the fact that for the latter technique the 
tip is brought very close to the substrate surface, but direct metallic contact is avoided. As such 
the I(s) technique has been referred to as a “non-contact method”. It is also worthwhile mentioning 
here the STM “Touch-to-Contact” method, in which the STM tip is positioned just in contact with 
the top of the molecular monolayer film. As described by Martin et al. the separation between the 
STM tip and substrate is determined through a calibration procedure which relates the STM set-
point parameters to an absolute tip-substrate separation.8 The STM “Touch-to-Contact” avoids 
both incursion of the tip into the molecular monolayer film or a gap between the top of the 
monolayer and the STM tip.  
CP-AFM can also be used to determine the electrical characteristics of metal|molecule|metal 
junctions. Typically, the CP-AFM technique uses an AFM conducting probe to contact with a self-
assembled molecular monolayer (SAM) on a metal substrate.6 The AFM feedback loop controls 
the force loaded onto the surface while the current–voltage (I–V) relationship of the molecular 
layer sandwiched between the tip and surface is recorded. This is not a single molecule 
determination since the area probed depends on the tip geometry, contacting force and deformation 
properties of the monolayer, but typical conditions for self-assembled monolayers may result in 
tens or hundreds of molecules being contacted.6 CP-AFM may also be used to probe single 
molecule junctions by using the technique developed by Cui and Lindsay7,9 in which gold 
nanoparticles are adsorbed on-top of self-assembled molecular monolayers of monothiols 
containing a small concentration of dithiols, which electrically wire the nanoparticle to the surface. 
Touching the top of such gold nanoparticles with the CP-AFM tip then enables I-V characteristics 
of the molecular junction to be recorded.9 Another way to form single molecule junctions by CP-
AFM is the CP-AFM break junction (CP-AFM BJ) approach. In this method, the conducting AFM 
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tip is brought into contact with the surface covered by the molecular target. The AFM tip is then 
rapidly retracted while monitoring the current and force signals.10-11 As for the STM-BJ and I(s) 
methods, during such formation and retraction cycles molecular junctions can be formed and 
cleaved and traces analyzed to extract single molecule data following a similar statistical analysis. 
The techniques mentioned above share the basic concept of being able to capture single or small 
groups of molecules and recording electrical signals while the molecular junctions are stretched 
and broken. These techniques have been used to study many fundamental aspects of single 
molecule junctions and they have given new impetus to the field of molecular electronics. 
However, despite sharing the same basic concepts there is an ongoing debate on the comparability 
between these techniques in terms of single molecule conductance determination. Apparent 
discrepancies between conductance values have been reported between different laboratories using 
these different techniques. For example, in early studies the conductance of octanedithiol was 
measured to be 20 nS using the STM BJ technique by Xu et al.,4 while Haiss et al. obtained a value 
of 1 nS by the analogous STM technique.12 This was later rationalized as arising from different 
ways in which these alkanedithiols can bind to the gold contacts through the thiol end groups, with 
the differing techniques favoring different anchoring configurations.13-16 Indeed, measurements on 
surfaces of different roughness showed different prominent conductance values.14 Measurements 
with the STM-BJ technique tend to form “rougher” contacts due to the gold contact breaking while 
the I(s) technique can be applied to flat surface areas if desired. In this respect these techniques 
can be seen as complementary and application of both to the same molecular system could be 
expected to broaden the view of the molecular junction properties and spread of favoured junction 
conductance values. CP-AFM, on the other hand, conveys the advantage of being able to record 
the force and current signals simultaneously offering the possibility to correlate electrical and 
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mechanical properties of junctions.2,17 However, a potential disadvantage can arise with the use of 
AFM tips with higher radii of curvature, where there could be ambiguity about forming truly single 
molecule junctions when CP-AFM is used to form break junctions. In any case, measurements of 
molecular conductance with several different techniques should be seen as advantageous.17 
Metallic materials have been widely used as the electrodes to construct molecular junctions, 
where desired characteristics are outstanding stability, conductivity and fabricability.18 There are 
indeed a plethora of investigations of molecular junctions using metals (Au, Ag, Pt, Al and Cu) as 
the electrodes.19-20 However, there is an increasing interest in deploying carbon based electrodes 
to fabricate metal-free molecular junctions.21 Among carbon-based materials, graphene is a 
promising material with remarkable electrical and structural properties. On account of its high 
structural stability, charge carrier mobility, high thermal conductivity and optical transmittance, 
graphene is considered to have many applications in electronics devices.22 To date, systematic 
comparative investigations of graphene/molecule junctions formed by a variety of single molecule 
junction techniques have not been performed. 
In light of the discussion above, we systematically investigate the molecular conductance with 
a bottom graphene contact by comparing resulting from the STM-BJ, STM I(s) and CP-AFM BJ 
techniques. As a first step, the conductance of 1,8 octanedithiol in gold-gold junctions was 
measured by the STM-BJ, I(s) and CP-AFM BJ techniques to provide control experiments and to 
evaluate the stability of our experimental setup. These data for Au-alkanedithiol-Au junctions 
corresponds well with the literature. Following this, the setups were applied to gold-graphene 
asymmetric junctions. The length dependence of conductance for Au/alkanedithiols/graphene 
junctions has been determined and decay constants (attenuation factors) compared. When 
compared to standard gold-gold junctions, a lower attenuation factor is observed for the gold-
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graphene counterparts when applying both the STM-based I(s) and CP-AFM methods. On the 
other hand, stable molecular junctions using graphene bottom contacts could not be formed with 
the STM BJ method and reasons for this are suggested. 
 
2.Methods 
The compounds included in this study are 1,6 hexanedithiol, 1,8 octanedithiol and 1,10 
decanedithiol, which were purchased from Alfa Aesar and used as received.  The tips for the STM 
break junction were cut mechanically before use, while the tips for the I(s) technique were made 
by electrochemical etching of gold wires (0.25 mm, Tianjing Lucheng Metal company, 99.99%) 
following the method described by Ren et al.23 The gold coated AFM tip was purchased from the 
Budget Sensors (Multi75GB-G) and used after calibration of the force constant and resonance 
frequency on the sapphire substrate. The bottom electrodes used were a few layers graphene and 
gold substrates, which are brought from the Graphene Supermarket (US) and Arrandee Gold 
(Germany), respectively. The gold substrate (1×1 cm) was annealed under a butane flame to 
generate an Au (111) microstructured surface before use in the experiments. For measurements 
performed in the liquid cell, mesitylene was used to form 1 mM solutions. The cell was cleaned in 
an ultrasonic bath in piranha solution (warning: handle with great care!) for 5 minutes followed by 
5 minutes in an ultrasonic bath with ethanol/acetone solution. The distilled water used for rinsing 
was produced by an in-house water purification system.  
The STM break junction technique. A modified STM system (based on Keysight Technology 
5500) was used for the STM-BJ method. A mechanically cut Au tip was used to fabricate the gold-
molecule-gold and gold-molecule-graphene molecular junctions. The gold/graphene substrate was 
mounted on the STM stage with the liquid cell. The gold tip was bought close to the surface at a 
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current of 0.015 nA with a bias voltage of 0.2 V during the tip approach. The current was then 
increased to 0.1 and then to 1 nA in a stepwise manner to check the stability. Finally, the current 
was set to 30 nA to create the metallic point contacts in the case of gold/gold junctions or hard 
gold/graphene contacts for the graphene experiments. The current-distance signals were recorded 
with an external data acquisition instrument. A Z-sweep could be applied to the scanner (Z sweep 
4 nm, 0.3 per second) if the system became unstable to help to remove tip 
instabilities/contamination. The collected curves were then used for data analysis and histograms 
generation. 
The STM based I(s) technique. This technique was implemented in accordance with methods 
first described by Haiss et al.5 with necessary modification of our Bruker STM equipment. Details 
can be also found in our previous studies.24-25 Briefly, the electrochemically etched Au tip (ethanol: 
HCl 37% = 1:1, voltage = 4 V) was set at an initial vertical distance (4 nm) and then advanced 
toward to the molecule-covered substrates. This displacement towards the surface was achieved 
by setting a preset threshold of the set-point current (10 nA). The STM tip was then retracted to its 
initial distance and this approach-retraction cycle was repeated continuously. During the process, 
the current and distance signals were collected for further data analysis to obtain the most probable 
conductance values. The conductance Au-1,8 octanedithiol-Au junctions was determined in the 
liquid cell, while the conductance of graphene-based junctions was measured under air condition.  
The CP-AFM break junction technique. The Bruker Multimode 8 microscope equipped with 
a conductive AFM application module was used for formation of the molecular junctions by the 
CP-AFM BJ method. Such experiments were made under ambient conditions with a conductive 
gold AFM probe and target molecules covered on the gold/graphene substrates. To obtain the 
contact between the two electrodes, the AFM contact mode is selected at the scan rate of 1 Hz, 
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sample bias of 0.3 V and applied piezo scanner voltage of 0.5 V to 8 V (corresponding to a force 
of 20 to 300 nN). The current amplifier was calibrated using high precision resistors (see SI for 
more details). The force applied to the surface can be varied depending on the experimental 
conditions and requirements. In our setup, we use the minimum force which gives a sufficiently 
stable current signal. Similar to STM based techniques, the collected current and distance signals 
were then sent for data analysis to get the most probable conductance values of the junction.  
 
3.Results and discussion 
 
Figure 1. (a) Schematic diagram of the CP-AFM BJ technique. (b) The tip movement of the AFM 
tip and molecular junctions formed during the process. The AFM probe was firstly brought close 
to the substrate (1-3) and then withdrawn to its initial distance (4-6) after the contact is established. 
(c) Typical current-distance curves of bare substrate (black, without molecular junctions formed) 
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and molecular junctions formed (blue). (d) Typical force-distance curves representing the force 
loaded on the surface. The arrow and numbers (1-6) correspond to the tip movements in (b). The 
curves were sketched based on the data from gold-1,8 octanedithiol-gold junctions for better 
illustration (see Figure S1 for raw data). 
We first determined the conductance of gold-1,8 octanedithiol-gold molecular junctions using 
the three techniques described in the introduction. The detailed setup for STM-based techniques 
can be either found in our previously studies or other literature.24-26 A description of the CP-AFM 
break junction method with the concurrent collection of currents and forces is given in the 
following text. Instead of using a fixed tip-sample distance while collecting the I-V data, in the 
CP-AFM BJ technique the current and tip-sample distance is recorded at a fixed bias voltage as 
the AFM tip-cantilever assembly is rapidly retracted from the surface. Figure 1a shows a schematic 
diagram of the CP-AFM BJ method. The AFM force feedback circuit is used to control the force 
applied to the sample, while an extra electrical circuit is used to collect the current signal. Similar 
to the STM BJ method, the conductive AFM probe was initially set at a given distance and then 
brought close to the substrate surface until contact is established (position 1-3 in Figure 1b).  
During the approach process, a jump to contact force is observed (2) followed by a corresponding 
deflection of the cantilever as it is moved to the set-point force (3). The AFM probe was then 
withdrawn to its initial distance by adjusting the piezo scanner of the AFM (positions 4-6 in Figure 
1b), and a jump from contact is observed at position 5 during the process. The molecular targets 
can span the narrow gap through the stochastic formation of molecular junctions both during the 
approach and retraction processes (position 1-2 and 5-6). In such circumstance, a plateau feature 
is observed during retraction, signifying the formation of a molecular junction (blue curves in 
Figure 1c). For situations where no molecular junctions formed, a fast decay of the current is 
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observed as a function of the distance (black curve in Figure 1c). It is noted that the ‘distance’ here 
is not the real length of the molecular junction, but the extension or retraction of the piezo scanner. 
Figure 1d shows a sketched illustrative force-distance curve which shows the loading of the force 
on the surface and the subsequent cleavage of junction as the piezo scanner is extended. This curve 
contains information about the force applied to the AFM probe and the adhesion force. In the case 
of molecular monolayers, it would be expected that a higher force loaded on the surface would 
produce a greater deformation of the monolayer and possibly a greater contacting footprint both 
of which may be likely to give a higher junction conductivity. Excessive force may result in the 
structural damage to probe apex, SAMs and the bottom electrode, therefore careful control and 
monitoring of the force curve is desirable. It is important to note however the CP-AFM BJ 
experiments are different to the conventional CP-AFM experiments on molecular monolayers, 
since in the former case the force is being unloaded as conductance is measured while the 
tip/cantilever assembly is being retracted. Nevertheless, adhesion force might be important for 
such determinations.27 The molecular junction is broken as the AFM probe snaps back from the 
surface. Forces are negative (“attractive”) and in general the magnitude of such forces is about 10 
nN according to the literature.6,27 Another possible source of adhesion is the capacitive force which 
might be expected to scale with the magnitude of the applied voltage. In most of the situations, 
this is relatively minor, for example, around 1 nN at a voltage of 1 V.2  
In our experiment, the movement (deflection) of the probe is achieved by applying the bias 
voltage to the piezo scanner, an additional conversion of the voltage to the force signal is required 
in order to plot the force versus distance curve. In the simplest situation in the contact regime the 
spring constant formula, F=kx, can be applied where F is the force applied to the surface, k is the 
spring constant of the gold probe and x is the deflection of the gold probe (see SI for detailed 
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explanations). We applied the minimum force (lowest deflection of the probe) to the surface where 
the current signal is stable. Such contacting force can be varied (from 20 nN to 300 nN) during the 
process which is highly dependent on the topographical situation of the sample and the SAMs of 
the molecules.  
 
Figure 2. Conductance histograms for gold-1,8 octanedithiol-gold junctions constructed by (a) 
STM BJ, (b) STM based I(s) and (c) CP-AFM BJ techniques.  
Generally, over 10000 current-distance raw curves were collected with the preset bias voltage 
and set-point current followed by a data analysis, either manually or automatically. The plateau 
featuring curves were then used to plot the 1D conductance histogram representing the most 
probable conductance value of the junction. Figure 2 shows the 1D conductance histograms of 
gold-1,8 octanedithiol-gold molecular junctions recorded by STM-BJ, STM based I(s) and CP-
AFM BJ techniques, respectively. Two dominant peaks located at 3.5 nS and 77400 nS are 
observed in the Figure 2a, demarking the most probable conductance value of the molecular 
junction and gold-gold quantum contact conductance Go (Go=2e2/h), respectively. Owing to the 
limitation of the detector dynamic range, only the conductance peaks located at 3.7 nS and 2.3 nS 
are observed in Figure 2b and 2c, respectively. The conductance values of the three techniques are 
in good agreement with previous studies,28-29 indicating the reliability and stability of our setup. 
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The conductance value obtained from CP-AFM BJ is slightly lower than from STM based 
techniques. This may be due to differences in how the contacts are formed and how gold atoms 
rearrange during the contacting process, resulting in different distribution of favored contacting 
configurations.9 During the early stages of single molecule conductance measurement, there was 
some apparent discrepancies in the literature, with reports of different conductance values for gold-
octanedithiol-gold molecular junctions created by different methods.13-16 In an early report, Chen 
et al. distinguished two sets of peaks, which were designated as high conductance (HC) and low 
conductance (LC) values.28 As discussed in a review, and references therein, the different 
conductance groups could be related to the different molecule-contact morphologies and the 
roughness of electrode contacts.16,30 Different conductance groups could be attributed to different 
possible molecule-electrode configurations; for example, with the sulfur atoms coordinated to 
either single gold atoms, bonding to multiple surface atoms or in higher coordination defects sites 
such as at gold steps.16 
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Figure 3. (a) Conductance histograms for gold-n-alkanedithiol-graphene junctions (n = 6, 8, 10). 
(b) Natural logarithmic plot of the conductance with the number of methylene groups measured 
by different techniques: red line measured by the STM based I(s) technique, blue line measured 
by the CP-AFM BJ method, black line measured by the STM BJ technique. 
The bottom gold electrode is now replaced by the graphene substrate, while using the same setup 
as the described in the foregoing text for gold-1,8 octanedithiol-gold single molecule junctions. 
The aim here is to investigate the impact for substituting a gold for a graphene contact and whether 
the junction formation method plays a role. Figure 3a shows stacked 1D histograms of gold-n-
alkanedithiol-graphene junctions (n = 6, 8, 10) with the same conductance and counts scale. In 
each conductance histogram, only one pronounced peak is observed indicating the most probable 
conductance of the junction. It is clear that the conductance values decrease as a function of the 
molecular length. In principle a number of approaches might be used to describe the length 
dependence of the junction conductance,31 for example, coherent resonant tunneling, coherent non-
resonant tunneling or diffusive transport. Here, the transport behavior is typically in the non-
resonant tunneling regime, where the conductance scales exponentially with the separation of the 
electrodes and consequently with the molecular length.6 Despite its known limitations, it is 
common to use a simplified Simmons model to express the conductance as G=Aexp(-βNN), where 
βN is the decay constant, 𝛽𝛽𝑁𝑁 = 2�2mϕ/ℏ2 ,32-34 and the prefactor A is related to the effective contact 
resistance which is commonly linked to the nature of the molecule-electrode interaction. To 
experimentally obtain the decay constant of the junction, the logarithm of the conductance is 
plotted against the molecular length. Then, the tunneling decay constant, or attenuation factor βN, 
is given by the slope of the linear fit and the contact resistance is determined by the intercept at 
zero junction length.35 Figure 3b shows the natural logarithmic plot of the conductance with the 
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number of methylene groups. The blue and red lines represent the decay constant (βN = 0.56 and 
0.40) of gold-alkanedithiol-graphene junctions measured by the CP-AFM BJ technique and the 
STM based I(s) technique, respectively. The black line represents the decay constant (βN = 1.1) of 
gold-alkanedithiol-gold junctions measured by the STM BJ method from the literature.28-29 We are 
not able to measure the conductance of 1,8 octanedithiol with graphene bottom contacts by the 
STM BJ method using the same experimental setup as shown in Figure 2a. The physical 
mechanism of forming defined, stable and reproducible metallic contacts by STM BJ method has 
been well studied by Sabater et al. both experimentally and theoretically.36 They suggested that a 
clear conductance trace can be obtained when the tip indentation depth is greater than the value 
which corresponds to a conductance of 5 Go. This gives a minimum cross section corresponding 
to 15 atoms for the case of gold. During the contact cycles, a number of gold atoms are exchanged 
between the two sides of the gold electrode with respect to its original configuration and this tends 
to reach a constant number after 7-8 cycles. Stable tips are formed after 10 cycles with a pyramidal 
shape evolving with (111) faces which complies with energetic considerations. Here, in the case 
of graphene as the bottom electrode, such atoms exchange phenomena between the upper and 
lower contact are clearly not possible. Since, in the STM BJ method the STM tip is pushed into 
the substrate, it could be easily compressed or damaged upon hard physical contact with the 
graphene surface. Therefore, the failure of the STM BJ method to capture a stable current signal 
with graphene bottom contacts might be explained by the excessive force loaded on the sample. It 
seems that non-contact STM I(s) technique or CP-AFM method with in situ force monitoring is 
more suitable for few layers graphene substrates or other two-dimensional (2D) thin film materials.  
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Table 1. Conductance values, decay constant and contact resistance for gold-n-alkanedithiol-               
graphene and gold-n-alkanedithiol-gold junctions (n=6, 8, 10), with literature values included in 
the latter case. The conductance values involved correspond to the center value of the Gaussian fit 
from the dominant peak in the conductance histogram. 
Molecular junction Techniques Conductance (nS) Decay 
constant 
(βN) 
Constant 
resistance(
kΩ) n = 6 n = 8 n = 10 
gold-n-alkanedithiol-
graphene 
CP-AFM break junction 
(contact mode) 
15.6 7.2 1.7 0.56 ~ 2100 
gold-n-alkanedithiol-
graphene 
STM based I(s) (non-
contact mode) 
24.0 9.0 4.0 0.4024 ~ 3900 
gold-n-alkanedithiol-
gold 
STM break junction 
(contact mode) 
28.2 3.9 0.2 1.0828-29 ~ 27 
 
Table 1 summarizes the experimental values as well as the decay constants of non-symmetric 
gold-n-alkanedithiol-graphene measured by the CP-AFM BJ and STM based I(s) techniques. The 
conductance values (LC values in ref. 28 and values in ref. 29) of gold-gold symmetric junctions 
are also listed for a comparison. The conductance values obtained with the CP-AFM BJ method 
for graphene bottom contacts are slightly lower than the ones reported in our previous work24 using 
the STM based I(s) technique which may be related to different ways in which the junctions are 
created. Both CP-AFM BJ and I(s) techniques show similarly low decay constant (βN) values for 
gold-alkanedithiol-graphene junctions when compared to the much higher βN values for symmetric 
gold-gold molecular junctions. Our previous experimental and theoretical studies have suggested 
that the low decay constant is ascribed to the breaking of the junction symmetry.24-25 Here, in the 
present case of non-symmetric gold-n-alkanedithiol-graphene junctions constructed by CP-AFM 
BJ method, we observe the same behavior. It is well known that thiolate can form a strong covalent 
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bond with gold while the interaction of the thiol with graphene is mainly related to van der Waals 
(vdW) interaction.37 The contact resistance is given by extrapolating the chain length to zero in 
Figure 3b, and the resistance values are found to be ~ 3900 and ~ 2700 kΩ for graphene non-
symmetric junctions by formed STM I(s) and AFM based techniques, respectively. These values 
can be compared to much lower resistance (~ 27 kΩ) for Au-alkanedithiol-Au symmetrical 
junctions. This can be explained by the coupling at the graphene-molecule interface which is quite 
weak and primarily dominated by vdW coupling. The influence of electrode materials on contact 
resistance in the low-voltage regime has been investigated by the Frisbie group.38 It was reported 
in that case that for metallic electrodes the contact resistance decreases substantially with 
increasing electrode work function. The work function of the single-layer graphene is around 4.5 
eV,39 which is lower than the gold at 5.3 eV,40 therefore, this is also consistent with a higher contact 
resistance for Au(tip)/Graphene(substrate) compared to the Au(tip)/Au(substrate) system. Due to 
the high asymmetry of the junctions the thiol-graphene dipole does not compensate the thiolate-
gold dipole and a significant HOMO level shift towards the Fermi level is then observed.24 This 
explains why we obtained low decay constant values in both techniques with graphene bottom 
contacts and reveals that the change of decay values is mainly dependent on the electrode itself 
and not on the measurement method.   
 
4.Conclusions 
In summary, we have used CP-AFM break junction method to study the effects of molecule-
electrode contacts in single molecular junctions. The typical gold-octanedithiol-gold molecular 
junctions fabricated by STM BJ, STM based I(s) and CP-AFM BJ techniques were firstly 
examined to verify the stability of the experimental setup and the determined conductance values 
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agree well with the literature. This setup was then used to investigate the differences which 
transpire when the bottom electrode contact is changed from a gold to graphene substrate to form 
gold-n-alkanedithiol-graphene molecular junctions. Both the STM based I(s) and CP-AFM BJ 
techniques showed a similar behavior, namely the conductance decays exponentially as a function 
of the molecular length with βN of 0.40 and 0.56 for gold-graphene asymmetric junctions. This is 
significantly lower than the corresponding symmetric Au-alkanedithiol-Au junctions (βN = 1.1) 
previously reported in literature. This behavior leads us to suggest that the change of decay values 
is mainly related to the electrodes itself and not greatly influenced by the measurement method. 
Both CP-AFM BJ and I(s) show contact resistance values on the molecule-graphene side that are 
much higher than that on the molecule-gold side. The resulting unbalanced interactions at these 
two different sides of the molecular junction results in a non-compensation between thiol-graphene 
and thiolate-gold dipoles. This consequently leads to a significant HOMO level shift towards the 
Fermi level, as we have theoretically described in previous publications.24-25 A slightly lower 
conductance value measured by the CP-AFM BJ with respect to the STM based I(s) technique is 
also observed which may be due to differences in the junction formation method and in the 
resulting distribution of molecule-electrode contacts. On the other hand, the STM BJ technique 
does not lead to the formation of stable molecular junctions with graphene bottoms contacts. The 
STM BJ technique requires that a hard physical contact is made between the tip and substrate, 
which differs from the STM based I(s) technique which is a non-contact method. There could be 
many reasons behind this inability of the STM BJ technique to form stable molecular junctions 
with a graphene bottom contact. The STM BJ technique relies on the formation of gold atomic 
point contacts which after cleavage form an open Au-Au electrode gap into which molecules can 
be bound. The pressing of the gold tip onto the graphene substrate will clearly deform the soft gold 
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apex but may also produce (transient) substrate deformation. A possible reason for the STM BJ 
technique being ineffective here could be that there is a high transient instability in the gold tip 
contact after it has been pushed onto the graphene surface and then withdrawn. This highlights that 
the method for single molecule junction formation be to selected depends on the specific system, 
notably the respective contact materials. 
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